Abstract Originally identified as the third subunit of the high-affinity IL-2 receptor complex, the common c-chain (cc) also acts as a non-redundant receptor subunit for a series of other cytokines, collectively known as cc family cytokines. cc plays essential roles in T cell development and differentiation, so that understanding the molecular basis of its signaling and regulation is a critical issue in T cell immunology. Unlike most other cytokine receptors, cc is thought to be constitutively expressed and limited in its function to the assembly of high-affinity cytokine receptors. Surprisingly, recent studies reported a series of findings that unseat cc as a simple housekeeping gene, and unveiled cc as a new regulatory molecule in T cell activation and differentiation. Cytokine-independent binding of cc to other cytokine receptor subunits suggested a preassociation model of cc with proprietary cytokine receptors. Also, identification of a cc splice isoform revealed expression of soluble cc proteins (scc). scc directly interacted with surface IL-2Rb to suppress IL-2 signaling and to promote pro-inflammatory Th17 cell differentiation. As a result, endogenously produced scc exacerbated autoimmune inflammatory disease, while the removal of endogenous scc significantly ameliorated disease outcome. These data provide new insights into the role of both membrane and soluble cc in cytokine signaling, and open new venues to interfere and modulate cc signaling during immune activation. These unexpected discoveries further underscore the perspective that cc biology remains largely uncharted territory that invites further exploration.
Introduction
The cc cytokine receptor is the shared receptor subunit for the cytokines IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21, which are collectively referred to as cc cytokines [1] . Members of the cc cytokine family play distinct and nonredundant roles in the adaptive immune system, and especially in the development and differentiation of T lymphocytes. The importance of cc in the immune system is illustrated by the profound phenotype associated with cc gene deficiency that manifests as T-, NK cell deficiency in humans and as T-, B-, NK cell deficiency in mice [2] . Thus, cc expression is a non-redundant requirement for lymphocytes, and especially critical for T cells in both humans and mice.
cc is the only cytokine receptor that is encoded in the X chromosome. Because cc is subject to X chromosome inactivation, cc shows monoallelic expression and provides the genetic explanation for X-linked severe combined immunodeficiency (X-SCID) [3] . Accordingly, male carriers of cc mutations are immunodeficient, while female carriers of cc mutations are immunocompetent. X chromosome inactivation is a stochastic event, so that both ccexpressing and non-expressing T cells should exist in heterozygotic carriers. However, in female obligate carriers, all T cells had selectively inactivated the X chromosome with the X-SCID allele [4] . This is in contrast to T cells from normal females which show patterns of random X chromosome inactivation. Thus, X chromosome inactivation in T cells of X-SCID carriers is non-random and only T cells expressing functional cc protein develop and survive [5] .
Because cc is required for signaling by all cc cytokines, immunodeficiency of cc -/-mice could have been the result of a compound effect equivalent to multiple cc cytokine deficiencies. Alternatively, immunodeficiency could have resulted from impaired signaling by a single cc cytokine. Gene targeting studies of cc cytokines revealed that most cc cytokine deficiencies did not affect T cell development or T cell survival [1, 6] . However, IL-7 was unique among cc cytokines as IL-7 deficiency alone was sufficient to phenocopy the immunodeficiency associated with cc ablation [7] . These results suggested that-at least for T cell development and survival-cc is necessary because it is required for IL-7 signaling. Thus, cc expression is a non-redundant requirement for T cells, and cc is critical for T cell development because of its role in IL-7 signaling.
While IL-7 is the first cc cytokine requirement that immature thymocytes encounter during their development in the thymus [7] [8] [9] [10] , cc cytokines other than IL-7 also play critical roles in T cell development, although at later stages. As such, IL-2 signaling is important for Foxp3 ? regulatory T cell development [11] , and IL-4 signaling plays a critical role in the development of eomesodermin ? innate CD8 T cells in the thymus [12] . Furthermore, IL-15 signaling is necessary for memory T cell differentiation [13, 14] , while IL-21 signaling promotes development of effector CD4 T cells, such as follicular helper T cells and IL-17-producing Th17 cells [15] [16] [17] . Collectively, individual cc cytokines play distinct and non-redundant roles in T cell development and differentiation, and they all require cc for high-affinity cytokine binding and signaling. Hence, understanding the mechanism how cc is promiscuous enough to interact with different cc cytokines and their proprietary receptors, yet also specific enough to interact only with cc family members, has fascinated immunologists for decades.
Despite its importance in T cell biology, surprisingly little information is available concerning how cc expression is regulated and how cc signaling is controlled. Along these lines, no transcription factor has yet been identified to control cc expression in T cells. In fact, it is unclear if transcriptional mechanisms even do exist to regulate cc expression. Moreover, the mechanism of high-affinity cytokine receptors assembly by cc and proprietary cytokine receptors needs further refinements. Also, how cc triggers both unique and shared downstream effector signals by distinct cc cytokine receptors remains poorly understood. Thus, interrogating the biology of cc expression and signaling remains a nascent field.
Fortunately, significant strides have been made regarding the molecular aspects of cc regulation. Recent studies uncovered a post-transcriptional mechanism to regulate cc expression [18] , structural investigations provided new insights into cc cytokine receptor assembly [19] , and a series of biochemical studies shed new light on the mechanistic aspects of cc signaling [20, 21] . Collectively, these observations allow us to revise and refine our perspective of cc function and expression. In this review, we will recount these recent advances and discuss their implications in context of cc's role in controlling T cell immunity.
A non-redundant role for cc in T cell development
Among all cytokine receptors, none has such a profound and broad effect on the adaptive immune system as the cc cytokine receptor. cc cytokine signals provide pro-survival cues, inhibit pro-apoptotic signals, upregulate metabolic activities and promote expression of select transcription factors, which determine lineage fate and maturation of lymphocyte subsets [1, 22] . The essential role of cc in T cell development was established by Leonard and colleagues [3] , who discovered that the cc gene was localized to chromosome Xq13 in the region previously associated with X-SCID [23, 24] . Using multipoint linkage analysis and recombinant breakpoint analysis, the authors identified cc as the elusive X-SCID gene. Moreover, they demonstrated that all three of the X-SCID patients in their study carried point mutations in the cc gene that resulted in generation of pre-mature stop codons and the failure to produce functional cc proteins [3] . The association of cc gene deficiency and X-SCID was further verified in an independent study by Puck and colleagues with four unrelated X-SCID patients [25] . Altogether, these results suggested a causal relationship between cc deficiency and X-SCID, and proposed a non-redundant role for cc in T cell development.
To directly demonstrate cc deficiency as the genetic cause of X-SCID, cc expression was ablated in two different mouse models. The first cc-deficient mouse was generated by Rajewsky and colleagues using the Cre/loxP strategy and by deleting a genomic region of cc that spanned exons 2-6. This region corresponds to most of the extracellular domain and the transmembrane domain of cc [5] . Leonard and colleagues, on the other hand, generated a cc-deficient mouse where a part of exon 3 and all of exons 4-8 were replaced with a neomycin cassette, resulting in deletion of the majority of the extracellular domain and the entire transmembrane domain [26] . In both cases, the lack of cc protein expression severely impaired T-and B cell development, resulting in a hypoplastic thymus and very few mature lymphocytes in the periphery. Notably, cc-deficiency in mice resulted in T-, B-, NK-cell deficiency, which contrasts to the T -B ? NK -phenotype observed in human SCID patients. Why cc deficiency ablates murine B cell development but results in normal numbers of dysfunctional human B cells is not clear and remains to be resolved [5, [26] [27] [28] . Nonetheless, these results established a causal relationship between cc loss of function and X-SCID.
Beyond illustrating the molecular basis of human X-SCID, cc-deficient mice also represented an excellent opportunity to understand the impact of cc on lymphocyte development in further details. cc-deficient mice produced very small numbers of mature ab T cells and virtually no cd T cells and NK cells [5, 26] . Interestingly, gut intraepithelial ab T cell numbers were also dramatically reduced, which is now understood as a consequence of deficiency in IL-15 signaling [13, 29] . Secondary lymphoid organ development was also affected, so that cc-deficient mice lacked Peyer's patches and were defective in lymph node organogenesis [5] . Notably, thymopoiesis was also severely impaired. However, the overall thymic architecture remained intact with distinctive cortical and medullary areas [26] . Dramatically reduced thymocyte numbers in cc-deficient mice were likely due to a cc requirement at the CD4, CD8-double negative (DN) stage where DN thymocytes undergo a [100-fold proliferative burst while differentiating into CD4
? CD8 ? -double positive (DP) thymocytes [8, 30] . Indeed, the cc requirement turned out to be primarily a survival requirement, because cc-deficient DN thymocytes expressed dramatically lower levels of antiapoptotic Bcl-2 and were prone to apoptosis [8, 31] . Enforced Bcl-2 expression, on the other hand, partially rescued thymopoiesis and significantly increased overall thymocyte numbers in cc-deficient mice [22, 31, 32] . Nonetheless, transgenic Bcl-2 expression failed to restore thymocyte numbers to wild type levels, and it also did not relieve the developmental block of cc-deficient thymocytes at DN2/3 stage [8, 22] . Thus, cc is necessary for thymopoiesis to provide pro-survival signals but is also required in other aspects of T cell development, including proliferation and differentiation [8, 33, 34] .
Importantly, whether cc was exclusively required at the DN stage could be not formally established solely based on the findings from germline cc-deficient mice. Germline cc -/-mice lack cc not only in DN thymocytes but in all thymocyte subsets. Therefore, it was not clear if thymic cellularity is dependent on cc expression only at the DN stage or also at later stages. This conundrum has been recently resolved in a study by Singer and colleagues, who generated a new conditional cc-deficient mouse (cc-cKO) where cc was deleted either at the late DN stage or in preselection DP thymocytes [35] . In cc-cKO mice, exons 2-6 of the cc gene were flanked with loxP sites, and the genomic region in-between was deleted using either the Cd4-Cre transgene at the late DN stage or the E8 III -Cre transgene [36] at early DP stage. Notably, cc deletion after the late DN stage did not affect thymopoiesis so that overall thymocyte numbers were comparable to those of control mice [35] . These results formally demonstrated that thymic cellularity is established by cc expression at the early DN stage, precisely when DN thymocytes undergo IL-7-dependent proliferation and require survival signals [8, 37, 38] .
While cc-deficiency after the late DN stage did not impact thymocyte numbers, strikingly, it showed a profound effect in thymocyte lineage commitment [35] . Positively selected thymocytes make cell fate decisions either into CD4 or CD8 lineage T cells, and the underlying molecular mechanism is subject of intense investigations [39] . Interestingly, differentiation of MHC-II-selected thymocytes into CD4 lineage cells remained intact in cc-cKO mice and did not require cc expression. However, CD8 lineage commitment of MHC-I-specific thymocytes was critically dependent on cc expression, so that CD8SP thymocyte numbers were dramatically reduced (*75 %) in cc-cKO mice. These results are in agreement with previous studies that indicated a non-redundant requirement for cytokine signaling to impose CD8 lineage fate on developing thymocytes [40] [41] [42] . Thus, T cell development in cccKO mice also formally demonstrates an in vivo cc requirement for CD8 lineage differentiation in the thymus [39] . Collectively, cc expression is required for both normal thymopoiesis and CD4/CD8 lineage choice, which are both necessary to establish a functional T cell compartment.
Even as cc is essential for T cells, the molecular basis for its requirement in thymopoiesis and T cell homeostasis was not immediately evident. When cc's association with X-SCID was initially discovered, cc was only known as a component of the IL-2 receptor complex and presumed to be only involved in IL-2 signaling. However, IL-2-deficiency did not affect T cell development or impaired peripheral T cell survival [6] . Thus, cc was apparently required for signaling by cytokines other than IL-2 [3] . The responsible cc cytokine for thymopoiesis was later identified as IL-7 [43], which turned out to be also the major intrathymic cytokine to promote CD8 lineage differentiation [40, 42] . Importantly, it was further revealed that cc was a shared receptor subunit not only for IL-7 but also for a series of other cytokines, i.e. IL-4, IL-9, IL-15 and IL-21 [44] [45] [46] [47] [48] [49] [50] . However, even as cc is a shared component of multiple cytokine receptors, cc is essential for thymopoiesis because of its non-redundant requirement in IL-7 receptor signaling.
The common c-chain cytokine receptor: tricks-and-treats for T cells 255 None of the IL-2 receptor subunits, including cc, have intrinsic kinase activities or signaling capabilities. Therefore, they are dependent on receptor-associated protein tyrosine kinases to initiate downstream signaling. The kinase that is associated with cc is the Janus kinase-3 (JAK3) [47, 54, 55] . JAK3 is a 120 kDa cytosolic protein, initially isolated from NK cells and expressed in a tissuerestricted manner. JAK3 expression was primarily found in leukocytes, so that it was originally referred to as leukocyte-Janus kinase (L-JAK) [56] . JAK3 was the last member of the JAK kinase family to be identified [56] [57] [58] , and its expression is mostly limited to lymphoid and myeloid cells [56] [57] [58] . In contrast, other JAK family members, such as JAK1, JAK2, and TYK2, are ubiquitously expressed, and accordingly, gene deficiencies in Jak1 [59] or Jak2 [60, 61] are lethal. TYK2-deficient mice, on the other hand, are born at Mendelian ratio and do not display any developmental abnormalities [62, 63] , suggesting a redundancy of TYK2 with other JAK family members.
Ablation of JAK3 expression has been reported in both human and mice. In accordance with its preferential expression in lymphoid tissues, JAK3 deficiency did not affect overall development and did not result in premature lethality. Instead, JAK3 deficiency had a profound effect on lymphocyte development as initially reported for humans [64, 65] and subsequently demonstrated in three independent animal studies [66] [67] [68] . JAK3 deficiency in humans was associated with autosomal recessive SCID that manifested in T -B ? NK -deficiency [64, 65] , and that was highly reminiscent of the cc-mediated X-SCID phenotype. In fact, the clinical manifestations of cc and JAK3 deficiencies are virtually identical. Notably, this was also the case in mice as JAK3 deficiency phenocopied the immunodeficiency observed in cc -/-mice.
JAK3-deficient mice were generated by Berg and colleagues who replaced a part of the JAK3 kinase domain with a neomycin cassette [66] , and also by Ihle and colleagues who disrupted the Jak3 gene by inserting a hygromycin cassette after the ATG start codon [67] . Additionally, Saito and colleagues generated Jak3 -/-mice by replacing the pseudo-kinase and part of the kinase domain with a neomycin cassette [68] . The results of these gene targeting studies were unambiguous. Lymphocyte development in JAK3-deficient mice was severely impaired with profound reduction in mature B-and T cell numbers and complete loss of NK cells. Additionally, dendritic epidermal T cells and intestinal cd T cells were absent. The few surviving ab T cells displayed intact TCR signaling but defective signaling by IL-2 and other cc cytokines. Collectively, these results document that JAK3 is essential in lymphocyte development and function, and they reveal that JAK3 is required because of its non-redundant role in cc cytokine signaling.
Because JAK3 is constitutively associated with cc, it was interesting to know whether JAK3 is only required for its kinase activity or if it also has other regulatory functions. Indeed, a chaperone-like function to facilitate the transport and surface expression of associated receptors had been described for JAK family molecules. For example, JAK2 associates with the erythropoietin receptor (EpoR) and promotes EpoR folding in the endoplasmic reticulum and facilitates its transport to the plasma membrane. Thus, effective cell surface expression of EpoR is JAK2-dependent [69] . Additionally, other JAK family members such as TYK2 and JAK1 exert similar functions for the IFN-a receptor 1 (IFNAR1) and oncostatin M receptor (OSMR), respectively. TYK2 stabilizes and increases cell surface IFNAR1 expression [70] , while JAK1 masks a negative regulatory motif in the intracellular domain of OSMR to retain and promote its cell surface expression [71] . These studies unveiled a previously unappreciated role for JAK family molecules in controlling surface expression of their associated cytokine receptors, independent of their kinase functions. Such a mechanism might be of importance in modulating cytokine response, because it can limit the availability of surface cytokine receptor expression.
Curiously, JAK3 seemed to lack such regulatory function, because cc surface expression did not require JAK3 [72] . More surprisingly, surface cc expression was actually increased on JAK3-deficient cells [72, 73] . These results suggested a negative regulatory role for JAK3 in cc expression, which could involve either a direct effect of JAK3 on cc protein expression or an indirect effect due to aberrant immune activation in Jak3 -/-mice [74] . In fact, T cells from JAK3-deficient mice show signs of constitutive activation [66] . Because cc expression is upregulated upon T cell activation [53, 75, 76] , increased cc levels on Jak3 -/-cells could be attributed to a phenotype associated with T cell activation. Results from EBV-transformed cell lines of JAK3-deficient patients, however, argue against this possibility because these cells were quiescent but still expressed high levels of surface cc [73] . Moreover, total cc protein expression was not increased in Jak3
-/-cells, despite having increased cc surface expression [73] . These results suggest that JAK3 does not affect the amount of cc proteins but presumably influences the transport or intracellular distribution of pre-existing cc proteins. Alternatively, cc expression could be elevated due to inefficient cc receptor internalization as a consequence of impaired cytokine signaling in the absence of JAK3. Further exacerbating this confusion is the finding that JAK3 overexpression resulted in significantly increased surface cc expression in JAK3 transfectants [73] . Thus, cc surface expression is upregulated by both increases and decreases in JAK3 expression. The molecular basis of JAK3-dependent cc expression is not known and awaits further investigations.
Distinct cc cytokine signaling threshold in T cells
Little is known about the cellular mechanisms that control cc expression. While JAK3 evidently affects cc surface expression, cc ubiquitination and cytokine-induced internalization are also proposed to regulate cc expression [77] . Additionally, a post-transcriptional mechanism that regulates membrane cc expression has also been reported [18] . But whether and to what extent these processes contribute to tissue-and lineage-specific cc expression is unclear. In this regard, the transcriptional mechanisms of cc expression are even less explored. Nonetheless, the cc promoter has been mapped, and the -90/34 bp region of the cc transcriptional start site was found to contain a couple of conserved Ets transcription factor binding sites to which GA-binding proteins and the transcription factor Elf-1 were bound [78] . Luciferase assays further showed that this promoter region was sufficient to impose tissue specificity, because the cc promoter construct was active in hematopoietic cells but not in non-hematopoietic tissues or cell lines, including primary fibroblasts, hepatoma cells and colon cancer cell lines [78] . Moreover, transfection of Etsfamily proteins GABPa and GABPb strongly induced basal promoter activity of cc luciferase constructs in HeLa cells, indicating that GA-binding proteins can act as transactivators of cc transcription. Whether GABP controls cc expression in vivo remains unknown. However, conditional GABPa knock-out mice have been reported [79] , and they thus provide an opportunity to address these questions.
Unfortunately, little progress has been made beyond this point in terms of understanding cc regulation. There is possibly also a lack of interest because of the misconception that cc expression is constitutive and not transcriptionally regulated. Indeed, the cc promoter was found to lack both TATA and CAAT boxes, displaying classical features of a housekeeping gene [78] . In agreement, all lymphoid cells do express cc in a constitutive manner. On the other hand, cc level differs between lymphocyte subsets and can change depending on their activation status. For example, during T cell development in the thymus, cc is highly expressed on immature DN and post-selection thymocytes but significantly downregulated on pre-selection DP thymocytes [35, 75] . T cell activation also induces cc expression as demonstrated by TCR stimulation in vitro [18, 53, 75] or upon viral infection in vivo [80] . Thus, cc expression is not developmentally set but actively regulated during T cell development and activation.
Regulating cc expression is important because a growing body of evidence indicates that the amount of cc proteins determines the signaling threshold for cc cytokine signals. For example, cc downregulation by short interfering RNA induced diminished JAK3 activity and impaired the proliferation of B lymphoblastoid cell lines [81] . Furthermore, partial reconstitution of cc-deficient T cells with retrogenic cc constructs demonstrated a graded cytokine response depending on the level of transduced cc expression. In brief, depending on the retrogenic cc construct, transduction of cc-deficient bone marrow resulted in different levels of cc expression, and accordingly, the number of developing T cells and their IL-2 response were different [82] . Increased cc expression directly correlated with increased T cell numbers and increased IL-2-induced phosphorylation of STAT5.
Interestingly, individual cc cytokines seem to have distinct sensitivities to cc expression levels. IL-7 required larger amounts of surface cc than IL-2 or IL-15 for downstream STAT5 activation [83] . Such difference was illustrated in an atypical SCID patient, who had a single nucleotide splice-site mutation in intron 3 of the cc gene. Aberrant splicing resulted in profound reduction of correctly spliced cc mRNA and dramatically diminished cc expression, down to levels that were not detectable by surface staining [84] . Consequently, this patient was deficient in T cells which are critically dependent on IL-7 for their generation. Surprisingly, however, the trace amount of cc was sufficient to permit IL-15-dependent NK cell generation, resulting in an unusual T -NK ? X-SCID phenotype [84] . The requirement for distinct levels of cc was further demonstrated in EBV-transformed B cells from this patient. While low level cc expression was sufficient to permit IL-2-and IL-15-mediated signaling, it did not
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suffice for IL-7-dependent STAT5 phosphorylation. Finally, using an array of promoter constructs with different activities, a series of cc transfected cells with decreasing amounts of surface cc expression were established and tested for IL-2, IL-15 and IL-7 signaling. The results were unequivocal, and they demonstrated a strict linear relationship of transfected cc levels and cytokine induced STAT5 phosphorylation. In agreement with different signaling thresholds for individual cc cytokines, down-titration of cc expression first resulted in the loss of IL-7 signaling followed by loss of IL-2 and IL-15 responsiveness [83] . The molecular basis for such differences is not fully understood. Possibly, IL-7 receptor signaling might require a larger number of minimal signaling units to initiate downstream signaling, compared to signaling by the IL-2 or IL-15 receptor complexes. Also, potential contributions of the proprietary a-chains, i.e. IL-2Ra and IL-15Ra, which increase affinity and stabilize the signaling complex need to be considered. Collectively, limiting the amount of cc expression impairs cc cytokine signaling, and individual cytokines require different levels of cc.
Downstream signaling of cc in T cells
Signaling of cc cytokines is triggered by hetero-dimerization of a proprietary cytokine receptor with the shared cc chain. Hetero-dimerization brings the intracellular domains of the receptors into close physical proximity, and thus leads to trans-phosphorylation and activation of receptorassociated protein tyrosine kinases. All proprietary receptors of the cc cytokine family, i.e., IL-2Rb, IL-4Ra, IL7Ra, IL-9Ra, and IL-21R, are associated with the protein tyrosine kinase JAK1 (Fig. 1) [1] . The cc receptor, on the other hand, is constitutively associated with JAK3 [47] . IL2Ra and IL-15Ra are the exceptions as they are not associated with any kinases and only serve to increase the affinity of the receptor complex for cytokine binding. cc association with JAK3 is highly selective, and cc exclusively binds to JAK3 [47, 85] . Activated JAK1/JAK3 molecules phosphorylate specific tyrosine residues in the cytosolic tails of cytokine receptors, which in turn attract further downstream signaling molecules and results in their activation by JAK. In sum, all cc cytokines share the common feature to initiate signaling by trans-phosphorylation of JAK1/JAK3. Activation of JAK1/JAK3 triggers a common signaling pathway mediated by STAT5 and phosphoinositide 3-kinase (PI3K) so that all cc cytokines, without exception, signals through activation of STAT5 and PI3K. Consequently, cc cytokines display many common signaling effects, such as upregulation of anti-apoptotic Bcl-2 and promotion of pro-metabolic activities [1] .
Curiously, even as they share common signaling pathways, each cc cytokine also plays a unique and nonredundant role in T cell biology. For example, IL-7 signaling is essential for thymopoiesis, IL-15 is uniquely required for NKT cell development, and IL-2 is critical for Foxp3
? Treg cell differentiation [11] . Thus, it is puzzling how the same JAK1/3-STAT5 signaling cascade can induce all these distinct biological effects. Having diverse functions while sharing a common receptor subunit is characteristic of cc family cytokines. It contrasts with cytokines of the common b-chain (bc) or the gp130 receptor families, which share a common bc or a common gp130 cytokine receptor, but display rather overlapping and redundant biological effects [86] . An explanation for such disparity may lie in the difference of which receptor component is utilized to recruit downstream signaling molecules. For bc and gp130 family cytokines, the shared bc or the gp130 receptor is the central signaling scaffold, having the longest intracellular domain and also serving as site of STAT recruitment and phosphorylation [86] . The cc, on the other hand, has the shortest intracellular domain among all signaling-competent cc cytokine receptors (Fig. 1) , and there is no evidence that STAT or PI3K is recruited to its tail. In fact, it is the proprietary cytokine receptors that contain the specific tyrosine residues to recruit downstream STAT and other signaling molecules. Thus, signaling of cc family cytokines is transduced through individual proprietary receptors, whereas signaling of bc or gp130 cytokines is transduced through the shared receptors. These findings can explain why different cc cytokines display distinct effects even as they share a common receptor for signaling. In further support of this idea, tail-swapping experiments demonstrated that the intracellular domains of the proprietary receptors determine the substrate specificity and downstream signaling effects [87] .
These results suggest a streamlined model of cc receptor signaling, where cc's role is limited to the recruitment of JAK3 to transactivate JAK1. Consequently, JAK1 is the major player in cc cytokine signaling, and JAK3 would be only required to activate JAK1. A dominant role of JAK1 over JAK3 was further illustrated in a recent report that showed signaling of cc-dependent cytokines such as IL-7 being constrained by the cellular abundance of JAK1 proteins [88] . According to this study, JAK1, but not JAK3, is a highly unstable protein, and continuous synthesis of new JAK1 protein is required to maintain effective IL-7 signaling. As a corollary, inhibition of JAK1 protein synthesis by microRNA interference resulted in significantly reduced IL-7 signaling, which was precisely the case in TCR-signaled T cells. TCR activation induced expression of microRNA-17 (miR-17), and miR-17 bound to a conserved site in the 3 0 UTR of JAK1 to inhibit JAK1 translation and reduce abundance of JAK1 protein [88] . Lower expression of JAK1 proteins, on the other hand, directly correlated with diminished IL-7 signaling. It has been appreciated for a long time that TCR engagement interferes with cc signaling and desensitizes IL-7Ra and other cc family cytokine receptors [36, [89] [90] [91] . Multiple mechanisms had been put forward to explain the molecular basis for cytokine receptor desensitization, including proteolysis of the cc cytosolic tail by calcium-induced proteases or activation of the MAPK and calcineurin pathways [90, 92] . The study by Singer and colleagues is important because it reveals a new level of regulation in TCR-induced cytokine receptor desensitization that involves translational inhibition of JAK1 by miRNA and which further unveils JAK1 protein as a limiting factor in cc cytokine signaling. Altogether, these findings identify JAK1 protein expression as a linchpin in orchestrating cytokine signaling through cc.
A preeminent role for JAK1 was further documented in transfection studies, which showed intact IL-2 signaling in wild type JAK1 ? kinase-dead JAK3 expressing cells, but impaired IL-2 signaling in kinase-dead JAK1 ? wild type JAK3 transfected cells [93] . Thus, it is the kinase activity of JAK1, and not JAK3, that induces phosphorylation of the cytokine proprietary IL-2Rb chain to trigger downstream signaling. Of note, because kinase-dead JAK3 was sufficient to activate JAK1 [93] , these results also opened up the possibility that JAK1 phosphorylation might not be a prerequisite for JAK1 activation. Instead, aggregation of JAK molecules that induces conformational changes of JAK1 into an active form could be sufficient to initiate cc signaling. Whether this is actually the case in primary T cells still needs to be examined. Nonetheless, these in vitro data favor a model where the principal function of cc is to recruit JAK3 to close proximity of JAK1, and thus leads to JAK1 activation and JAK1-mediated phosphorylation of the cytokine receptor for recruitment of downstream signaling molecules.
In contrast to this view, there is also a large body of evidence suggesting that cc plays additional roles beyond recruitment of JAK3 [94] . In a classic study, Greenberg and colleagues generated a series of chimeric cc receptor molecules, including a construct where the entire cc intracellular domain was excised and replaced with JAK3 [95] . Surprisingly, this chimeric cc receptor was unable to activate downstream signaling, illustrating that JAK3 recruitment alone is not sufficient for cc signaling. In fact, the same study demonstrated that a short stretch of the membrane proximal region (cytoplasmic residue 5-37), also known as PROX, is necessary for JAK activation (Fig. 2) . PROX is conserved among other cytokine receptors, such as IL-3Ra and IL-5Ra, and shows partial homology with SH2 domains [96] . The PROX region also contains a conserved binding motif, known as Box 1, which corresponds to a stretch of six to ten proline-rich amino acids that mediate interaction of cytokine receptors with JAK molecules [94] . Notably, a chimeric cc construct, where the cc intracellular domain was replaced with a PROX ? JAK3 construct, successfully transduced cc signaling, which however was not the case when replaced with JAK3 alone [95] . Therefore, the PROX region is a critical element of cc that is required for cc cytokine signaling. Why JAK activation requires the PROX region remains unclear. One possibility is that signaling intermediary molecules could bind to PROX and that they would be required for JAK activation. Alternatively, PROX could promote JAK3 activity by placing it in the correct orientation or conformation for transphosphorylation with JAK1. Recent reports indicated that the correct orientation of receptor-associated JAK molecules is indeed a new variable that needs to be considered. In brief, homodimerization of proprietary cytokine receptors is usually insufficient to trigger signaling and proliferation [97, 98] . However, certain IL-7Ra mutations in humans that forced IL-7Ra homodimerization, induced constitutive activation of the IL-7R signaling pathway, leading to uncontrolled proliferation and leukemogenesis [99] . A recent study reconciled this discrepancy by pointing out a role for spatial organization of the receptor-associated cytosolic kinases, which presumably requires the kinases to correctly face each other for transactivation [100] . Accordingly, physical proximity of cytokine receptors is normally insufficient to trigger signaling. However, receptor mutations that twist the intracellular tails to re-orient JAK and juxtapose it to the opposite JAK molecule can induce signaling of homodimeric receptor, even in the absence of ligands [100] . Therefore, a role for PROX in placing JAK3 into the correct orientation is an attractive idea that warrants further investigations.
The intracellular domain of cc is characterized by the presence of 2 conserved JAK3 binding domains, referred to as Box 1 and Box 2. Box 1 is at the N-terminal end of the PROX region, and Box 2 is a stretch of 14 amino acids immediately downstream of PROX [96] . cc deletion mutants lacking all but six amino acids of the cytoplasmic domain (DCT) and cc mutants lacking the C-terminal 48-amino acids of cc (DSH2) demonstrated that Box 1 and Box 2 are absolutely necessary for JAK3 association and cytokine-induced STAT5 activation in both cell lines and in mice [45, 101] . Interestingly, the membrane proximal region of cc, encompassing 52 amino acids and including Box 1 and Box 2, is sufficient for JAK3 binding, JAK1/ JAK3 activation, and triggering downstream signaling events [96] , indicating that the PROX region is possibly both necessary and sufficient for cc signaling. Whether other parts of the cc intracellular domain contribute to cc signaling is not fully resolved. Four tyrosine residues are present in the intracellular region, but none of them are embedded in the classical SH2 binding motif of Y-X-X-M or Y-X-X-L, which makes it unlikely that any of them serve as a docking site for downstream signaling molecules. In agreement, phenylalanine substitution of any or all four of these tyrosine residues did not impede cc-induced proliferation in transfected T cells [96, 102] . Nonetheless, IL-2 signaling does induce tyrosine phosphorylation of cc protein [103] , and other mutagenic studies have found cc phosphorylation being critical for anti-apoptotic Bcl-2 upregulation [104] . Thus, the exact role of the cc cytoplasmic tail remains controversial and requires further interrogations.
Alternative splicing generates soluble cc chains
The murine cc chain is 64 kD type I transmembrane receptor consisting of a 270 amino acid extracellular domain, a 29 amino acid transmembrane domain, and 85 amino acid intracellular tail [105] . Among all cc family cytokine receptors, cc has the largest extracellular domain but curiously the shortest cytoplasmic tail (Fig. 1) . Nonetheless, the cytoplasmic tail is essential for cc function, so that truncation mutants lacking the intracellular domain are non-functional [101, 102] . Tailless cc proteins are still exported to the plasma membrane, indicating that the cytosolic tail is not required for cc surface expression. In fact, tailless cc proteins are expressed at even greater amounts on the cell surface, presumably because internalization and degradation of surface cc proteins are impaired [101] . Potentially, such tailless cc receptors could interfere with cc signaling because the extracellular domain remains intact and could heterodimerize with proprietary cytokine receptors. If so, heterodimers of truncated cc and proprietary cytokine receptors would bind cytokines but not generate productive downstream signal. Tailless cc transgenic mice have been reported [101] , but whether truncated cc proteins indeed compete with endogenous surface cc proteins and dampen cc signaling has not been tested. Fig. 2 Structure of the cc cytokine receptor. The extracellular structure of cc is characterized by two type III fibronectin domains that form a disulfide-bond-mediated tertiary structure necessary for interactions with other members of the cc receptor family. A member of the type I cytokine receptor family, cc possesses the characteristic membrane proximal WSXWS motif found in all members of the family. The intracellular domain of cc possesses four defined tyrosine residues of unknown importance. JAK3 binding to the intracellular domain of cc is mediated by Box 1 and Box 2 motifs, which are located close to the plasma membrane and adjacent to the internalization/degradation domain necessary for proper membrane localization, ligand-mediated internalization and lysosomal degradation Tailless cc proteins with transmembrane domains are expressed as membrane-bound molecules on cell surface [101] . Recently, a new and naturally occurring form of tailless cc had been reported which not only lacks the intracellular domain but also the transmembrane domain [18] . This truncated form of cc was not expressed on the cell surface but secreted as a soluble cc protein. Indeed, soluble cc (scc) proteins were found in serum of both humans and mice, and they were found to be expressed at higher levels upon T cell activation and inflammation [18, 106] . Notably, scc was not a product of shedding or proteolytic cleavage of pre-existing membrane cc proteins, which are mechanisms that are classically associated with soluble cytokine receptor generation in T cells [107] . Instead, scc was generated by alternative splicing of the cc pre-mRNA (Fig. 3a) .
The cc gene is composed of eight exons, among which exons 1-5 encode the extracellular domain and exons 7-8 encode the intracellular region. The entire transmembrane domain is encoded in a single exon, exon 6. The full-length form of cc which is expressed on the cell membrane (mcc) contains all eight exons. However, alternative splicing resulted in omitting exon 6 and generating an alternate cc product that lacks the transmembrane domain. Moreover, skipping exon 6 and splicing exon 5 directly to exon 7 induced a frameshift in the cc open reading frame that introduced a new C-terminal epitope of nine amino acids, CLQFPPSRI, followed by a stop codon. Thus, alternative splicing creates a new protein that comprises the entire ectodomain of cc but lacks both the transmembrane and intracellular domains. Notably, this pre-mRNA splice isoform was translated and secreted as a soluble protein and could be detected in serum and culture supernatants of activated T cells. Evidence that soluble cc is a product of alternative splicing, and not of shedding, was provided by the fact that anti-cc serum immunoprecipitates strongly reacted with CLQFPPSRI-specific antibodies [18] . This nonameric epitope is absent from membrane cc proteins and only found in scc proteins. Thus, anti-CLQFPPSRI reactivity demonstrated that scc in serum and culture supernatant is a product of alternative splicing. Moreover, in mice that are unable to produce alternatively spliced cc mRNA, serum was completely devoid of soluble cc proteins, indicating that all scc proteins are generated by alternative splicing. scc-deficient mice were generated by breeding transgenic mice that express a pre-spliced fulllength cc cDNA (ccTg) with mice that are deficient in cc (cc -/-). The resulting ccTgcc -/-mice only expressed membrane cc (mccTg). Thus, mccTg mice represent a new experimental model of scc-deficiency that can be used to interrogate the role of scc in vivo and potentially in translational studies. Along these lines, alternative splicing of cc was also found in humans, where the open reading frameshift resulted in generation of a seven amino acid epitope, RCPEFPP, followed by a stop codon [18] . Thus, the alternative splice isoform of cc is an evolutionary conserved mechanism to generate soluble cc.
Other members of the cc cytokine receptor family also produce soluble forms, and they have been identified in both humans and mice. These include IL-2Ra [108, 109] , IL-2Rb [110] , IL-4Ra [111] , IL-7Ra [112] , IL-9Ra [113] , and IL-15Ra [114] . A common feature shared amongst these soluble cc family receptors is that they retain their affinity for their cognate cytokine ligands. Consequently, these secreted proteins could either compete with membrane cytokine receptors for ligand binding-thereby sequestering the cognate cytokine and limiting its bioavailability-or, as is the case for soluble IL-15Ra, serve as a platform for cytokine trans-presentation [115] . Such a mechanism dramatically increases the effective concentration of a given cytokine, and can act in an agonistic fashion to increase its biological effect. However, unlike all other cc family cytokine receptors, the extracellular domain of cc has no intrinsic affinity for any cytokine. This feature sets the cc apart from other cytokine receptors, and made it also difficult to predict a biological function for a soluble cc protein.
Pre-association of cc with surface cytokine receptors
The extracellular region of cc interacts with both the cytokine and the proprietary cytokine receptor [116] [117] [118] [119] . The cc ectodomain forms two fibronectin type III (FN-III) domains-known as D1 and D2-a motif that is found in many growth hormone and interleukin receptors (Fig. 2) . The D1 domain (a.a. 32-125) contains conserved cysteine residues that form intramolecular disulfide bonds, and the D2 domain (a.a. 129-226) contains a membrane proximal WSXWS motif which is critical for conformational changes of the receptor [117, 118] . Structural studies from the high-affinity IL-2 receptor revealed that cc interacts with both the cytokine and the cytokine-specific receptor at the same time. cc interacts with IL-2Rb through the D2 domain, while cc interaction with IL-2 is mediated by both the D1 and D2 domains [117, 118] . Importantly, the cc/IL-2 interface is the smallest of all protein interaction interfaces in the IL-2/IL-2R complex, and it is characterized by weak electrostatic interactions leading to low specificity and low binding affinity to IL-2. In fact, cc itself possesses no intrinsic cytokine binding capacity, and the cc ectodomain does not bind free cytokines [120] .
However, cc dramatically increases the cytokine binding affinity of proprietary cytokine receptors, such as IL4Ra, IL-7Ra and IL-2Rb (Table 1 ). The contribution of cc varies among different proprietary cytokine receptors, and it has the strongest effect on IL-2Rb which results in *100-fold increase of IL-2 binding. Because cc alone does not bind cytokines, these observations put forward a model where IL-2 first binds to the IL-2Rb with intermediate affinity, and IL-2 binding induces conformational changes in the IL-2Rb to expose new epitopes composed of a combination of IL-2/IL-2Rb. The cytokine-bound receptor complex then attracts cc and brings the intracellular domains of cc and IL-2Rb to close proximity for transactivation of JAK1 and JAK3. Accordingly, cytokineinduced receptor activation follows a sequence of conformational changes that goes through ''initiation'', ''intermediate'' and ''activation'' configurations [19] . This stepwise binding model is also known as the ''affinity conversion'' model [121] , and it posits that cc only Fig. 3 Alternative pre-mRNA splicing generates soluble cc proteins. a The cc gene is located on the X chromosome and possesses eight exons (E1-E8). Exons 1-5 correspond to the extracellular domain, while exon 6 codes for the transmembrane domain. Exons 7-8 form the intracellular domain. Conventional pre-mRNA splicing produces a mature transcript which encodes the signaling-competent transmembrane form of cc. However, alternative splicing induces the formation of a soluble cc splice form which lacks the transmembrane domain. b The alternative transcript encodes a secreted cc protein (scc) that homodimerizes and can directly bind to IL-2Rb, even in the absence of IL-2. scc association with IL-2Rb inhibits its interactions with membrane-bound cc (membrane cc), thus limiting the ability of the receptor complex to signal. scc inhibits STAT5 and AKT signaling but promotes Th17 cell differentiation, so that scc is a naturally occurring pro-inflammatory mechanism associates with cytokines that are pre-bound with their proprietary cytokine receptor chains. Moreover, this model also posits that heterodimerization of the ''shared'' cc with other ''private'' cytokine receptors is a ligand-induced event, and that cc remains unbound with other receptors in the absence of cytokines. In support of this model, surface plasmon resonance (SPR) studies with recombinant cc ectodomain proteins reported absence of detectable cc binding affinity to IL-2Rb [120, 122] . Thus, heterodimerization of cc and cytokine proprietary receptors seemed to be strictly dependent on cytokines.
However, SPR studies are conducted with receptor proteins that are in solution, so that they might not reflect the actual events on cell surface. In fact, analysis of cc and cytokine receptor interactions in cell membranes painted a quite different picture. Contrary to the prediction of the affinity conversion model, fluorescence resonance energy transfer (FRET) analysis of resting T cells revealed the presence of pre-assembled IL-2Rb/cc heterodimers, even in the absence of cytokines [123] . Moreover, FRET analysis of full length or truncated IL-2Rb and cc chains demonstrated that these receptors spontaneously assemble on the cell surface through interactions of their extracellular domains [21] . Formation of ligand-independent IL2Rb/cc complexes was further demonstrated by immunofluorescence co-patching studies in cytokine receptor transfected cells [124] , and by co-immunopreciptiation of cc with IL-2Rb in the absence of IL-2 [125] . Thus, membrane cc can pre-associate with IL-2Rb before IL-2 stimulation. Importantly, pre-association of IL-2Rb/cc heterodimers did not result in ligand-independent cc receptor signaling. Structural analysis predicted that IL2Rb/cc heterodimers are assembled in such a way that it pushes apart the transmembrane and intracellular domains from each other, preventing JAK transactivation in the absence of cytokines. IL-2 stimulation, however, pulls the transmembrane domains much closer together and initiates signaling. These results suggested that the role of cytokines is to induce conformational changes in the preformed receptor complexes, leading to juxtaposition and transactivation of intracellular JAK molecules. According to this ''pre-association'' model, IL-2-free IL2Rb/cc chains are pre-associated on the cell membrane and assume a configuration that pushes the transmembrane domains apart (65 Å ). IL-2 binding then changes the configuration of the dimers, rotating the cc receptor 90°and bringing the transmembrane domains of cc and IL-2Rb to close enough proximity (32 Å ) for JAK transactivation [21] . Notably, ligand-independent cc pre-association has not been only reported for IL-2Rb, but also for IL-7Ra and IL-9Ra [18, 20, [124] [125] [126] , suggesting that ligand-independent cc preassociation might be a general feature of the cc receptor.
Soluble cc chain is a naturally occurring pro-inflammatory mechanism A major implication of the ''pre-association'' model is the direct binding of cc to proprietary cytokine receptors (Fig. 3b) . As a corollary, scc proteins could possibly also bind to cell surface cytokine receptors. However, recombinantly expressed cc ectodomain proteins displayed very low affinity to IL-2Rb proteins, so that a direct interaction of scc with IL-2Rb in solution was considered unlikely [120, 122] .
On the other hand, alternatively spliced scc differs from conventional recombinant cc ectodomain proteins because it can form inter-molecular disulfide bonds through the cysteine residue in the C-terminal CLQFPPSRI epitope (Fig. 3a) . A cysteine residue is also created upon alternative splicing in the C-terminal RCPEFPP epitope of human scc. Thus, scc differs from membrane cc, not only that it is soluble, but also that it can be expressed as homodimeric proteins. Indeed, most of serum scc proteins in vivo, and also recombinantly expressed recombinant scc proteins in vitro, existed in a disulfide-linked dimeric form [18] . Remarkably, scc dimerization significantly increased (*50-fold) scc binding affinities for proprietary cytokine receptors, namely IL-7Ra and IL-2Rb, and enabled direct scc binding to surface cytokine receptors on T cells. scc binding occurred even in the absence of cytokine stimulation, and interfered with cc cytokine signaling. The common c-chain cytokine receptor: tricks-and-treats for T cells 263
Specifically, treatment of T cells with recombinant scc potently inhibited IL-2-induced STAT5 phosphorylation, and scc transgenic mice expressing increased levels of scc showed impaired T cell development and homeostasis, consistent with an inhibitory effect of scc on IL-7 signaling [18] . Thus, scc is a new naturally occurring mechanism that inhibits cc cytokine signaling by directly binding to IL-2Rb and IL-7Ra. The biological significance of scc was illustrated in the in vivo setting of T cell-mediated autoimmunity models. IL-17-producing CD4
? Th17 cells are pro-inflammatory T cells that mediate autoimmune diseases such as colitis and brain inflammation [127] . Th17 cell generation can be inhibited by IL-2, and conversely, inhibiting IL-2 signaling promotes Th17 cell differentiation [128] . Because recombinant scc proteins suppress IL-2 signaling, scc promotes Th17 cell differentiation in vitro and scc transgenic mice had increased numbers of IL-17 producing cells in vivo [18] . In fact, increased amounts of scc created a pro-inflammatory environment, so that scc transgenic mice were prone to inflammatory autoimmune diseases. Specifically, when challenged in a murine model for multiple sclerosis, experimental autoimmune encephalomyelitis (EAE) [129] , scc transgenic mice showed an earlier onset of disease, more severe disease phenotype and delayed or absence of remission [18] . Thus, increased scc expression exacerbates disease severity in an inflammatory autoimmune model. These results correlated with observations in humans, where synovial fluids of rheumatoid arthritis patients or sera of Crohn's disease patients showed high levels of scc proteins [130, 131] . Importantly, while scc proteins had been previously described [130, 132] , it was not known whether increased scc expression is the cause or consequence of inflammatory autoimmune disease. Since scc is expressed by activated T cells and scc promotes inflammatory Th17 cell differentiation, these findings suggest that scc is pro-inflammatory and contributes to the severity of inflammatory diseases.
In contrast to the effect of increased scc expression, the absence of scc ameliorated the severity of autoimmune diseases. This was the case for scc-deficient mccTg mice when they were induced for EAE, and also when naïve mccTg CD4
? T cells were adoptively transferred into RAG-deficient hosts to induce inflammatory bowel disease (IBD). Compared to wild type control mice, EAE disease severity was profoundly diminished in mccTg mice. Also, colitis score and inflammatory Th17 cell numbers were dramatically reduced in IBD-induced host mice injected with mccTg donor CD4
? T cells [18] . Altogether, these data indicate that scc is a naturally occurring regulatory mechanism by activated T cells that determines the severity of autoimmune disease.
Upon infection by foreign pathogens, however, scc might play a beneficial role by eliciting a rapid and potent pro-inflammatory response that ensures swift clearance of pathogens. T cell activation necessarily results in IL-2 production that drives clonal expansion of antigen-challenged T cells [133] . IL-2, however, potently suppresses IL-17-mediated pro-inflammatory responses as it impairs Th17 cell differentiation [128] , which, on the other hand, is important for pathogen clearance and host defense [134] . Thus, scc production by activated T cells might have been evolved to equip T cells with the ability to mount effective Th17 responses while residing in an IL-2 rich environment. Collectively, these observations establish scc as a critical effector molecule for T cells and also as a new regulator of inflammatory diseases, suggesting that scc might be a novel target for immunotherapeutic intervention.
Conclusions and perspectives
Identification of the cc cytokine receptor provided solutions to a number of questions that had long puzzled immunologists. It provided the genetic solution to X-linked severe combined immunodeficiency [3] , explained the three distinct IL-2 binding affinities in IL-2Ra and IL-2Rb transfected lymphoid cells [135] , and provided the molecular basis for the compound effect of cc-deficiency on multiple cc cytokines [1] . Characterization of cc also raised further questions that triggered the discovery of new cytokine signaling mechanisms and provided new perspectives on cytokine receptor utilization and sharing. For example, IL-4 can still signal in the absence of cc which led to identification of an alternative IL-4 signaling pathway, independent of cc [136] . Indeed, IL-4 can signal through an alternate type II IL-4 receptor complex that is composed of the IL-4Ra/IL-13Ra1 chains instead of the classical IL-4Ra/cc and JAK1/JAK3 signaling machinery [137] . Furthermore, cc-deficiency results in severely impaired thymopoiesis, but IL-7Ra-deficiency had an even more profound effect on T cell development, suggesting that IL-7Ra might pair with a cytokine receptor other than cc to promote thymopoiesis. The identification of the TSLP receptor, which heterodimerizes with IL-7Ra to activate JAK/STAT, provided an explanation for this observation [138] . Like IL-7, TSLP is expressed by thymic stromal cells and is partially redundant with IL-7 in thymocyte development [139] . Sharing the IL-7Ra with IL-7, but not with cc, revealed an ever more complex cytokine receptor network.
The identification of soluble cc now adds another layer of cc regulation and reinforces the pleiotropic role of cc in T cell biology. scc proteins are interesting because they represent a new negative regulatory pathway in cc signaling. On one hand, the protein product of cc alternative splicing directly binds to cytokine receptors and inhibits their signaling. On the other hand, generation of scc splice isoforms conversely results in reduced splicing into mcc. Because increased scc expression is necessarily associated with decreased mcc expression, scc represents a posttranscriptional mechanism to downregulate surface cc expression. Indeed, immature DP thymocytes expressed the lowest levels of membrane cc among thymocytes [35] , but interestingly they also expressed the highest level of scc transcripts [18] . Immature DP thymocytes have to be shielded from pro-survival cytokine signals to ensure TCRdependent selection of an immunocompetent repertoire [41] . Expression of suppressor of cytokine signaling-1 (SOCS-1) and termination of IL-7Ra expression are the major mechanisms to achieve this [42] . The increase of alternative cc splicing in immature DP thymocyte could potentially augment inhibition of cytokine signaling during thymocyte differentiation.
Finally, because the absence of scc dramatically ameliorated pro-inflammatory immune responses, neutralization of scc is an attractive strategy to improve the clinical outcome of inflammatory diseases. This approach might be effective because it can selectively target the soluble form of cc without affecting membrane cc. Conventional anti-cc antibodies bind to both membrane and soluble cc. But antibodies specific for scc C-terminal epitopes would only bind to alternatively spliced cc proteins and could selectively neutralize pro-inflammatory scc. The therapeutic value of conventional anti-cc antibodies has been recently demonstrated in acute and chronic GVHD models, where cc blockade with anti-cc antibodies resulted in relief of clinical symptoms and dramatically improved survival [140] . Thus, anti-cc treatment represents a viable option as a therapeutic tool. Importantly, anti-cc treatment not only targets mcc but will also neutralize serum scc. Consequently, improved GVHD outcome might already reflect an effect of scc neutralization.
Collectively, despite all the advances that were made in cc biology, cc keeps surprising us by continuing to reveal new aspects of its biology. The recent discovery of alternatively spliced, soluble cc generation is a prime example, and it demonstrates that cc still has more tricks in its bag to control T cell immunity. 
